The Drosophila melanogaster family of small heat shock proteins (sHsps) is composed of 4 main members (Hsp22, Hsp23, Hsp26, and Hsp27) that display distinct intracellular localization and specific developmental patterns of expression in the absence of stress. In an attempt to determine their function, we have examined whether these 4 proteins have chaperone-like activity using various chaperone assays. Heat-induced aggregation of citrate synthase was decreased from 100 to 17 arbitrary units in the presence of Hsp22 and Hsp27 at a 1:1 molar ratio of sHsp to citrate synthase. A 5 M excess of Hsp23 and Hsp26 was required to obtain the same efficiency with either citrate synthase or luciferase as substrate. In an in vitro refolding assay with reticulocyte lysate, more than 50% of luciferase activity was recovered when heat denaturation was performed in the presence of Hsp22, 40% with Hsp27, and 30% with Hsp23 or Hsp26. These differences in luciferase reactivation efficiency seemed related to the ability of sHsps to bind their substrate at 42ЊC, as revealed by sedimentation analysis of sHsp and luciferase on sucrose gradients. Therefore, the 4 main sHsps of Drosophila share the ability to prevent heat-induced protein aggregation and are able to maintain proteins in a refoldable state, although with different efficiencies. The functional reasons for their distinctive cell-specific pattern of expression could reflect the existence of defined substrates for each sHsp within the different intracellular compartments.
INTRODUCTION
Heat shock proteins (Hsps) are conserved proteins involved in multiple cellular processes, including protein folding, targeting, and translocation across membranes (Neupert 1997; Hartl and Hayer-Hartl 2002) . Hsps are also important for cell viability and can prevent intracellular damage induced by environmental stress during aging (Verbeke et al 2001; Sö ti and Csermely 2002; Morrow and Tanguay 2003b) and in neurodegenerative diseases (Fonte et al 2002; Muchowski 2002; Sakahira et al 2002) . Most Hsps are up-regulated following stress when they can act as molecular chaperones preventing protein dysfunction by facilitating protein refolding or disposal of aggregated protein through proteolytic pathways (Walter and Buchner 2002) .
Although less conserved than the Hsps of the other families (Hsp100, Hsp90, Hsp70, and Hsp60), the small Hsps (sHsps) of different organisms, with molecular weight ranging from 10 to 40 kDa, share properties such as the presence of a C-terminal ␣-crystallin domain and a native oligomeric structure (de Jong et al 1998) . In vitro, many sHsps can act as molecular chaperones, inhibiting stress-induced aggregation of different protein substrates (Ehrnsperger et al 1997; Lee et al 1997; Haslbeck et al 1999; Fernando and Heikkila 2000) . In vivo, overexpression of sHsps has been reported to confer thermotolerance (Landry et al 1989; Rollet et al 1992; Kitagawa et al 2002) , protection against tumor necrosis factor-␣-induced and caspase-dependent apoptosis (Mehlen et al 1996; Arrigo 1998; Samali et al 2001; Concannon et al 2003) , and stabilization of cytoskeletal elements (Lavoie et al 1993; Wieske et al 2001; Mounier and Arrigo 2002) .
The Drosophila melanogaster genome contains 12 open reading frames for proteins having the characteristic ␣-crystallin domain of sHsps (Michaud et al 2002) . Four of these sHsps have been examined in detail: Hsp22, Hsp23, Hsp26, and Hsp27. These 4 sHsps share high sequence homology, are coordinately expressed following stresses, but have distinct developmental expression pattern and intracellular localization (Michaud et al 1997 (Michaud et al , 2002 . In Drosophila cells, Hsp22 localizes in the mitochondrial matrix (Morrow et al 2000) , Hsp23 and Hsp26 in the cytosol, and Hsp27 in the nucleus (Beaulieu et al 1989; Marin and Tanguay 1996) . Hsp23 and Hsp26 seem to be localized in different parts of the cytosol because Hsp26 staining is granular compared with the more uniform staining pattern of Hsp23. The developmental expression profile of each of these sHsps is intriguing and does not always correspond to periods of physiological stress. Hsp23, Hsp26, and Hsp27 are expressed at different distinct stages of early development, especially in the brain and the gonads (Michaud et al 1997 (Michaud et al , 2002 . During embryogenesis, Hsp23 is expressed in a stage-specific manner in a restricted number of neuronal and glial lineages of the central nervous system (Michaud and Tanguay 2003) . In adult flies, hsp26 and hsp27 mRNA remain stable, whereas in aged flies hsp23 mRNA is up-regulated 5-fold in the thorax and hsp22 mRNA is up-regulated up to 60-fold in the head and 20-fold in the thorax (Wheeler et al 1995; King and Tower 1999) . Why D melanogaster has at least 4 distinct, albeit structurally similar, sHsps is unclear. Their coordinated pattern of expression after heat shock contrasts with their cell-specific pattern of expression during development (Michaud et al 1997 (Michaud et al , 2002 Morrow and Tanguay 2003a) , suggesting a common and general role under stress conditions and more specific function(s) during development and differentiation. It has recently been shown that overexpression of sHsps is beneficial to flies by extending lifespan and stress resistance (Seong et al 2001; Morrow et al 2004b; Wang et al 2004) , but their mode of action in these processes remains to be determined.
As a further step aimed at identifying the function(s) of the different sHsps of D melanogaster, we analyzed their chaperone-like activity using different in vitro assays. These sHsps were tested for their efficiency in preventing heat-induced aggregation of 2 substrates commonly used in chaperoning assays: citrate synthase (CS) and luciferase. Because many sHsps of bacteria, plants, and higher vertebrates have been reported to act as reservoirs of misfolded proteins (Ehrnsperger et al 1997; Lee et al 1997; Haslbeck et al 1999; Mogk et al 2003; Basha et al 2004b; Chowdary et al 2004) , we also measured the activity of D melanogaster sHsps in luciferase refolding assays in vitro in the presence of rabbit reticulocyte lysate. The data show that the 4 main sHsps of D melanogaster can prevent protein aggregation with different efficiencies and that they appear to have different requirements to allow reactivation of their substrate.
MATERIAL AND METHODS

Cloning of sHsp genes in pET30 expression vector
Full-length cDNA encoding the 4 sHsps were cloned in the pET30(a) expression vector (Novagen, Madison, WI, USA) by PCR with custom forward and reverse primers, except for hsp27, for which the universal SP6 promoter was used as the reverse primer (Table 1 ; Genosys, Oakville, ON, Canada). The forward primers contained a BspHI restriction enzyme site in the case of hsp22 and hsp23 or a BamHI restriction enzyme site for hsp26 and hsp27. All custom reverse primers had a XhoI restriction enzyme site. Amplification of each shsp gene was performed on the corresponding pRcCMV-sHsp plasmid containing the respective full-length cDNA from D melanogaster. For cloning of hsp27, the XhoI restriction site of the plasmid was used because the SP6 promoter was the reverse primer. Amplification of hsp22 and hsp23 was performed by mixing 100 ng of plasmid template with 5 L of 10ϫ buffer #3 (50 mM Tris-HCl pH 9.2, 160 mM [NH 4 ] 2 SO 4 , 22.5 mM MgCl 2 , 20% dimethyl sulfoxide, and 1% Tween20), 3 L of 25 mM MgCl 2 , 2 L of 5 mM dNTP, 200 ng of each corresponding primer, and 0.5 L of Taq polymerase (Amersham Pharmacia Biotech, Laval, Quebec, Canada). The reaction mixtures were covered with mineral oil and incubated for 5 min at 95ЊC, followed by 35 cycles of 30 seconds at 95ЊC, 30 seconds at 50ЊC, 1 minute 15 seconds at 72ЊC, and a final elongation of 5 minutes at 72ЊC. For hsp26 and hsp27 amplifications, a 10ϫ Taq polymerase buffer (Amersham Pharmacia Biotech) was used instead of 10ϫ buffer #3, MgCl 2 was omitted, and annealing was performed at 58ЊC. The DNA fragments obtained were digested by their respective enzymes and ligated with T4 DNA ligase (New England Biolabs, Pickering, ON, Canada) to pET-30(a)-digested NcoI/XhoI for hsp22 and hsp23 or BamHI/XhoI for hsp26 and hsp27. We used the pET-30(a) vector to take advantage of the histidine tag for the purification step. All constructions were verified by restriction enzyme analysis and DNA sequencing. The Hsp22 amino acid sequence correspond to GI:24661519 (accession NP729478.1), that of Hsp23 to GI:123565 (accession P02516), and Hsp27 to GI:123570 (accession P02518). The Hsp26 sequence correspond to GI:123566 (accession P02517), except for glutamate 192, which is replaced by an aspartic acid residue and the addition of 3 amino acids (DGK) at position 199. However, this Hsp26 sequence is identical to the one obtained by amplifying the hsp26 gene directly from D melanogaster genomic DNA.
Expression and purification of sHsps
Each pET-sHsp construct was transformed in Escherichia coli BL21DE3 pLysS grown at 37ЊC in Luria-Bertani medium and protein expression was induced with 0.5 mM isopropylthio-B-D-galactoside (Invitrogen Life Technologies, Burlington, ON, Canada) to give His-sHsp proteins. His-Hsp22 and His-Hsp27 were soluble under these conditions and were purified in native conditions by affinity chromatography through their histidine tag on nickel-nitrilotriacetic acid superflow columns (Qiagen, Mississauga, ON, Canada). His-Hsp23 and His-Hsp26 were first solubilized in 8 M urea and refolded to their native state by dialysis. Sequential dialysis was performed with 10% glycerol (ACP Chemicals, Montreal, Quebec, Canada) and decreasing urea concentrations (from 6 to 0 M). HisHsp22 was also purified under denaturing conditions to assess the effect of the purification procedure on the chaperoning function. Once purified proteins were obtained, the histidine tag was removed with recombinant enterokinase, as suggested by the manufacturer (Novagen). Protein purity was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on purified fractions as described in Morrow et al (2000) .
CS and luciferase heat-induced aggregation assay
The heat-induced aggregation assay was conducted essentially as described in Fernando and Heikkila (2000) . CS (0.1 M; molecular weight [MW] 51,629; Sigma, Oakville, ON, Canada) or luciferase (0.1 M; MW 61,000; Promega, Madison, WI, USA) were heat-denatured at 42ЊC in the absence or presence of either His-Hsp22, Hsp22, Hsp23, Hsp26, Hsp27 (0.05 M, 0.1 M, or 0.5 M) or bovine albumin serum (BSA; 0.1 M; ICN Biochemicals, Costa Mesa, CA, USA) as a control for 90 minutes for CS or 30 minutes for luciferase. Aggregation of CS and luciferase was determined by a light-scattering assay at 320 nm on a spectrophotometer with thermostated cells (Varian, Montreal, Quebec, Canada, Cary 100). Data are representative of 6 different assays and expressed as the mean Ϯ standard deviation.
Luciferase refolding assay in reticulocyte lysate
This assay was adapted from Lee et al (1997) . Firefly luciferase (0.2 M) was heat-denatured at 42ЊC in the absence or presence of Hsp22, Hsp23, Hsp26, Hsp27 (1.0 M) or BSA (1.0 M, control) for 15 minutes. The refolding step was performed at 30ЊC for 90 minutes in untreated rabbit reticulocyte lysate (Promega) supplemented with 2 mM ATP (Amersham Pharmacia Biotech). Luciferase activity was measured on a luminometer (LKB Wallac, Turku, Finland, model 1250) according to standard protocol. Data are representative of 5 different assays, calculated as a percentage of luciferase activity after 15 minutes at 22ЊC and expressed as the mean Ϯ standard deviation.
Sedimentation analysis on sucrose gradients
Sedimentation analysis of sHsps and luciferase were performed on 10-40% sucrose gradients as described previously (Morrow et al 2000) . Each sHsp was incubated with luciferase at a molar ratio of 5 sHsps:1 luciferase to reproduce the luciferase refolding assay conditions for either 15 minutes at 4ЊC, 15 minutes at 42ЊC, or 15 minutes at 42ЊC followed by a 90-minute incubation at 30ЊC in the presence of rabbit reticulocyte lysate supplemented with ATP. Samples were then loaded on sucrose gradients and centrifuged for 22 hours at 39 600 rpm. Following this step, gradients were divided into 25 fractions of 10 drops each, and protein localization was assessed by SDS-PAGE (Morrow et al 2000) and Western blotting with the use of specific antibodies.
RESULTS
To perform the chaperone assays, the 4 sHsps of D melanogaster were overexpressed in E coli BL21DE3 pLySs with the use of the corresponding pET-sHsp construct and were purified through their histidine tag on a nickelaffinity column. The yield of His-sHsp (histidine-tagged sHsp) was of the order of 5 mg/L of bacteria. 
The 4 small Hsps of D melanogaster prevent heatinduced aggregation of proteins
Because sHsps of other organisms have been shown to have chaperone-like activity in vitro, we tested whether each of the sHsps of D melanogaster could prevent protein denaturation and loss of function. Because Hsp23 and Hsp26 were insoluble when induced in bacteria, we first analyzed whether the purification conditions (native or urea) could influence the ability of His-sHsps to prevent heat-induced CS aggregation. CS was incubated at 42ЊC for 90 minutes either alone or in presence of the 2 HisHsp22 preparations (purification under native conditions and with urea). As observed in Figure 1A , the urea purification procedure did not affect the ability of HisHsp22 to prevent CS aggregation.
Next, we determined whether the tag could influence the chaperone-like activity of D melanogaster His-sHsps. At a 1:1 (His-Hsp22:CS) molar ratio, the aggregation of CS was reduced from 100 arbitrary units to 47.8 Ϯ 6.3 arbitrary units compared with 17.5 Ϯ 3.2 units in the presence of Hsp22 (untagged; Fig 1B) . Thus, untagged Hsp22 was at least 2 times more efficient in preventing heat-induced aggregation of CS than His-Hsp22 at the same molar ratio. The same difference in chaperone efficiency was observed with the other sHsps (data not shown) and at molar ratios of 2:1 and 5:1 (data not shown). Because these results suggested an influence of the histidine tag on the ability of D melanogaster sHsps to prevent protein aggregation, tags were removed from each His-sHsp protein with enterokinase before performing the chaperone assays.
Incubation of CS with the different sHsps prevented its aggregation, and this protection was dependent on the Hsp/CS molar ratio used (Fig 2A-D) . Thus, incubation of CS in the presence of an equal amount of sHsp (1:1 sHsp:CS) resulted in an aggregation decrease from 100 arbitrary units after 90 minutes to 17.5 Ϯ 3.2 units in the presence of Hsp22 (Fig 2A) , 64.3 Ϯ 4.3 units in the presence of Hsp23 (Fig 2B) , 40.3 Ϯ 2.4 units in the presence of Hsp26 (Fig 2C) , and 17.7 Ϯ 5.8 units in the presence of Hsp27 (Fig 2D) . A 5-fold molar excess of Hsp23 or Hsp26 (5:1 sHsp:CS) was needed to obtain the same protection efficiency as Hsp22 and Hsp27 in this assay ( Fig  2B, C) . Addition of a 5-fold excess of BSA (5:1 BSA:CS) had only a small effect on protein aggregation because 78.1 Ϯ 6.4 arbitrary units of CS were still aggregated after 90 minutes. Hence, each of the 4 sHsps of D melanogaster can prevent the heat-induced aggregation of CS, albeit with different efficiencies.
The ability to prevent aggregation depends on the nature of the substrate
To investigate the ability of Drosophila sHsps to bind different substrates, the heat-induced aggregation assay was also performed with luciferase instead of CS as a substrate. Because luciferase is particularly sensitive to heat, the aggregation assay was performed for 30 minutes. As in the CS assay, Hsp23 and Hsp26 were less effective than Hsp22 and Hsp27 in preventing heat-induced aggregation (Fig 3) . In the presence of an equal ratio of Hsp22 or Hsp27 (1:1 sHsp:luciferase), luciferase aggregation was decreased from 100 arbitrary units to 12.3 Ϯ 4.2 and 39.6 Ϯ 7.8 arbitrary units, respectively (Fig 3A, D) . Incubation of luciferase in the presence of Hsp23 or Hsp26 resulted in decreased luciferase aggregation to 65.9 Ϯ 6.9 and 71.0 Ϯ 5.3 arbitrary units (Fig 3B, C) . A 5-fold excess of these 2 sHsps (5:1 sHsp:luciferase) was necessary to prevent luciferase aggregation as well as the 1:1 ratio for Hsp22.
Together, these results indicate that Hsp22 and Hsp27 are more efficient in preventing heat-induced protein aggregation than Hsp23 and Hsp26 (Figs 2 and 3) . However, unlike Hsp26 and Hsp27, Hsp22 and Hsp23 chaperonelike activity does not seem to be dependent on the nature of the substrate because an equivalent molar ratio prevented CS and luciferase aggregation with similar efficiency (Figs 2 and 3) .
Drosophila sHsps can maintain heat-denatured protein in a refoldable state
To ascertain that the proteins trapped by the sHsps were in a refoldable state and that a relationship between the sHsp-substrate complex and ATP-dependent chaperones was possible, an in vitro luciferase refolding assay was next performed. In this assay, luciferase was heat-treated in the absence or presence of sHsp, and the mixture was then supplemented with the other members of the chaperone machinery present in rabbit reticulocyte lysate and ATP. When luciferase was kept at room temperature, its activity remained stable for the entire refolding period, whereas a preincubation of 15 minutes at 42ЊC resulted in a drastic decrease in its activity (2.0% Ϯ 0.4%), with no more than 6.7% Ϯ 1.0% activity recovered after the refolding period in the absence of Hsps (Fig 4A) , probably because of endogenous chaperones present in the reticulocyte lysate. After 90 minutes, 54.9% Ϯ 2.8% of the activity was recovered when luciferase was heat-denatured at 42ЊC in the presence of Hsp22. Heat treatment in the presence of Hsp27 resulted in a 42.8% Ϯ 3.3% luciferase activity, whereas recovery of luciferase activity was 30.7% Ϯ 6.7% and 35.7% Ϯ 3.5% in the presence of Hsp23 and Hsp26, respectively.
To understand the differences in chaperone-like activity of the 4 sHsps at the molecular level, we performed sucrose gradient analysis following incubation of sHsps and luciferase at 4ЊC, 42ЊC, and after a 90-minute incubation with rabbit reticulocyte lysate. As can be seen in Figure  4B , at 4ЊC, Hsp22 and Hsp23 are mainly localized in fractions 10 to 17, whereas luciferase is localized in fractions 18 to 21. A 15-minute incubation at 42ЊC resulted in a shift of luciferase, mainly in fractions 1 to 10, whereas sHsps were shifted to fractions 5 to 14. After incubation in the reticulocyte lysate, luciferase and Hsp22 were found in fractions 5 to 24 (protein precipitation was likely disturbed by the huge amount of hemoglobin from the reticulocyte lysate in fractions 16 to 20). In the case of Hsp23, incubation in the reticulocyte lysate resulted in a distribution of Hsp23 similar to that obtained after the 15-minute heat shock (fractions 8 to 13), whereas luciferase was observable in fractions 6 to 12. These results suggest that, after heat shock, less Hsp23 binds luciferase compared with Hsp22. Moreover, for an unknown reason, after the 90-minute incubation in the reticulocyte lysate, luciferase seemed to be trapped with Hsp23 and less accessible to the ATP-dependent chaperones. Experiments with Hsp26 gave results similar to those with Hsp23, whereas the Hsp27 were similar to the Hsp22 experiments (data not shown).
Altogether, these results demonstrate that Hsp22, Hsp23, Hsp26, and Hsp27 can maintain heat-treated luciferase in a refoldable state, from which it can be refolded by other chaperones into an active enzyme. Differences in luciferase reactivation efficiency obtained in the reticulocyte lysate further suggest that each of these sHsps binds heat-denatured luciferase differently and has special requirements to accomplish its function.
DISCUSSION
Despite reports that many sHsps from yeast, plants, and mammals present chaperone-like activity in in vitro aggregation assays, their function in vivo remain unknown. Overexpression of sHsps, including the Hsp27 of D melanogaster (Rollet et al 1992; Mehlen et al 1993) , has been shown to confer resistance to supraoptimal temperatures. Mammalian Hsp27 has also been shown to confer resistance to heat shock and to various drugs (Huot et al 1991; Lavoie et al 1993; Van de Ijssel et al 1994; Mehlen et al 1996; Fortin et al 2000) . However, the different cellular mechanisms suggested for the resistance remain controversial. In D melanogaster, the different sHsps show a celland stage-specific pattern of expression at developmental periods that do not necessarily coincide with peaks of physiological stress (Michaud et al 1997 (Michaud et al , 2002 . In addition, the 4 main sHsps are localized in different cell compartments, with Hsp22 in the mitochondria, Hsp23 and Hsp26 in the cytosol, and Hsp27 in the nucleus. Thus, the sHsps could have different intracellular targets for their activity. Interestingly, overexpression of Hsp22 (Morrow et al 2004b) , Hsp23 (Morrow et al. in preparation) , Hsp26 (Seong et al 2001; Wang et al 2004) , and Hsp27 (Wang et al 2004) has been shown to increase lifespan and resistance to stress to different extents. Flies that do not express mitochondrial Hsp22 show a decreased lifespan and are sensitized to mild stress (Morrow et al 2004a) .
To further understand the function of sHsps in vivo, we have examined their ability to act as molecular chaperones in vitro. In such assays, each of the 4 distinct sHsps of D melanogaster showed chaperone-like activity, and all 4 sHsps were able to inhibit heat-induced aggregation of substrates such as CS and luciferase. Furthermore, Hsp22, Hsp23, Hsp26, and Hsp27 can maintain heat-denatured luciferase in a folding competent state such that it can be refolded in the presence of the chaperones (Hsp60 and Hsp70) present in the reticulocyte lysate. Figure 5 summarizes these data in graphic format and displays the different efficiencies of sHsps to act as molecular chaperones. Thus, the 4 main sHsps of D melanogaster can perform functions similar to sHsps of other organisms in in vitro chaperone assays (Horwitz 1992; Ehrnsperger et al 1997; Lee et al 1997; Haslbeck et al 1999; Fernando and Heikkila 2000; Lindner et al 2000; Abdulle et al 2002; Panensenko et al 2002; Van Montfort et al 2002) .
Although the 4 Drosophila sHsps share a high degree of homology, they display differences in their capacity to prevent aggregation of a common substrate, suggesting differences in their mode of action. Hsp22 and Hsp27 were more efficient in preventing CS heat-induced aggregation than Hsp26 and Hsp23. This difference is not caused by their mode of purification, as demonstrated with His-Hsp22 purified under native conditions and with urea. Small Hsps of other organisms have also been reported to show differences in their chaperone activity; among others, this is the case for Xenopus laevis Hsp30C and Hsp30D (Abdulle et al 2002) , for mammalian ␣A-crystallin and ␣B-crystallin (Datta and Rao 1999; Van Boekel et al 1999; Reddy et al 2000) and recently for mammalian Hsp22 (Chowdary et al 2004) and S. cerevisiae Hsp42 and Hsp26 (Haslbeck et al 2004) . For example, despite the high degree of sequence homology and structural similarity of ␣A-and ␣B-crystallin, ␣A-crystallin is more efficient in preventing thermal aggregation of proteins whereas ␣B-crystallin performs better against reduction-induced aggregation of proteins (Datta and Rao 1999) .
As demonstrated in the CS and luciferase heat-induced aggregation assay, the ability of D melanogaster sHsps to prevent denaturation varies according to the nature of the substrate. This has also been observed in the case of other sHsps, such as pea Hsp18.1 (Lee et al 1997) and murine Hsp25 and yeast Hsp26 (Stromer et al 2003) . Lee et al (1997) have suggested that substrate binding was determined by 3 major parameters: substrate protein susceptibility to heat denaturation, exposure of structural elements recognized by sHsps, and steric considerations. In addition, Stromer et al (2003) recently showed that the morphology of the sHsp-substrate complex, as seen by electron microscopy, is dependent on the nature of the substrate and that the first substrate bound determines the morphology of the final complex. Thus, a specific complex morphology could permit the binding of more substrate proteins.
As in the prevention of heat-induced aggregation assay, the 4 sHsps of D melanogaster displayed differences in their ability to maintain heat-treated luciferase in a refoldable state. This is not surprising because these sHsps have differences in their amino acid sequences and are localized in different cellular compartments, suggesting an adaptation for precise functions. For example, the overall good chaperone ability of Hsp22 could be an advantage because mitochondria are particularly sensitive to stress (Marcillat et al 1989; Zhang et al 1990; Li et al 2002) and it is possible that mitochondrial proteins are more prone to damage. Moreover, this could explain the beneficial effect that we have obtained by overexpressing this sHsp in the fruit fly (Morrow et al 2004a (Morrow et al , 2004b .
One reason that could account for the differences in luciferase reactivation efficiency of D melanogaster sHsps is their ability to bind heat-denatured luciferase and interact directly or indirectly with ATP-dependent chaperones to promote luciferase refolding. Indeed, luciferase is reactivated to a lesser extent in the presence of Hsp23 than in that of Hsp22. As can be seen following sedimentation on sucrose gradients (Fig 4B) , fewer Hsp23 colocalize with luciferase than Hsp22 after a 15-minute heat shock, and luciferase seems to be trapped with Hsp23 in higher molecular mass complexes after 90 minutes of incubation with reticulocyte lysate. This argues for special requirements by each sHsp to interact with ATP-dependent chaperones to accomplish their chaperone-like function.
The 4 main sHsps of D melanogaster can prevent protein aggregation in vitro and maintain unfolded proteins in a refoldable state, albeit with different efficiencies. Refolding can then be performed by ATP-dependent chaperones such as Hsp70, as demonstrated in vitro for pea Hsp18.1 (Lee and Vierling 2000) and Xenopus Hsp30C (Abdulle et al 2002) . Thus, D melanogaster sHsps might act as a general molecular chaperones after stress to prevent protein aggregation within their respective cell compartments. This role of general molecular chaperone has recently been shown in vivo for Synechocystis Hsp16.6 (Basha et al 2004a) and S cerevisiae Hsp26 and Hsp42 (Haslbeck et al 2004) , which interact with proteins involved in cellular processes as different as transcription, translation, and signalization after heat shock. The functional reason behind the distinctive cell-specific developmental expression pattern of D melanogaster sHsps and their differences in chaperone-like activity remain unknown, but our results suggest the existence of different substrates and requirements for each sHsp to accomplish their function.
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